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Summary: 
Acoustic travel time tomography is presented as an experimental technique for remote moni-
toring of spatially averaged meteorological quantities, such as the virtual air temperature and 
the horizontal wind speed. This ground based remote sensing technique uses the nearly hori-
zontal propagation of sound waves in the atmospheric surface layer. Here the acoustic travel 
time tomography was applied by measuring the travel time at defined propagation paths be-
tween several sound sources and receivers. The resulting sound speed was used to obtain es-
timates of the meteorological parameters. 
Several measuring campaigns were carried out to compare the acoustically derived data with 
conventional systems. The results of a cross-validation during a field experiment in autumn 
2000 are presented, where receivers at different heights above the ground were used. 
Zusammenfassung 
Die Akustische Laufzeittomographie wird als ein Verfahren zur Fernerkundung räumlich ge-
mittelter Größen, wie der virtuellen Temperatur und der horizontalen Windgeschwindigkeit, 
vorgestellt. Dieses bodengebundene Fernerkundungsverfahren beruht auf der annährend hori-
zontalen Schallausbreitung in der atmosphärischen Grenzschicht. Das hier angewendete Ver-
fahren der Laufzeittomographie beruht auf der Bestimmung der Ausbreitungszeit von Schall-
wellen zwischen mehreren Schallsendern und -empfängern. Die daraus abgeleitete Schallge-
schwindigkeit liefert eine Information über die interessierenden meteorologischen Parameter. 
Eine Reihe von Feldexperimenten wurde durchgeführt mit dem Ziel, die akustisch bestimm-
ten Größen mit denen konventioneller Verfahren zu vergleichen. Hier werden die Ergebnisse 
eines Vergleiches im Herbst 2000 präsentiert, bei dem die Schallempfänger in unterschiedli-
chen Höhen über dem Boden angebracht wurden. 
 
1. Introduction  
Spatially averaged data – which are consistent with the output data of numerical models –
have been conventionally provided by point measurements and additional interpolation algo-
rithms. A relatively new way to obtain such values directly and with a high spatial and tempo-
ral resolution is the application of tomographic methods in the atmospheric surface layer. 
There are several advantages of tomographic measurements compared with conventional 
methods: first, the effect as a low-pass spatial filter, second, the remote monitoring (because 
the test medium is not influenced by devices), and third, a higher number of data per sensor in 
comparison to the traditional point measurements (WILSON & THOMSON, 1994). 
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Here we use a type of acoustic travel time tomography where the sound speed can be deter-
mined by measuring the travel time of a signal at a defined propagation path. Applying a suit-
able procedure, measurements of the speed of sound can be used to reconstruct variably tem-
perature and wind velocity fields (ZIEMANN et al., 1999b; ARNOLD et al., 1999; RAABE, et al., 
2001a). 
2. Background of travel-time tomography 
Acoustic tomography is defined in this study as a combined measurement and data analysis 
technique to reconstruct a slice through the atmosphere using the reaction of the considered 
atmospheric layer on the external sound energy. 
In the presented study measured travel-time values of sound signals between different trans-
mitters and receivers were used as initial line-integrated values to derivate spatially averaged 
meteorological quantities. The rays must touch all parts of the observational site, at best with 
a quite uniform distribution. As each measurement contains information on the properties of 
the atmospheric layer which the sound wave propagates through, a tomographic inverse algo-
rithm provides a spatial mapping of meteorological quantities. 
Under the assumption of small Mach numbers (ratio of wind speed to sound speed), the 
measured quantity, that means the acoustic travel time of a signal between a fixed transmitter 
and a receiver, can be expressed as  
∫=
ray effc
ldτ ,           (1) 
where dl is the element of the arc length along the propagation path and 
( ) rv ′⋅+= avLeff Tcc          (2) 
symbolizes the effective sound speed with the coupled influence of the virtual acoustic tem-
perature Tav (cL is Laplace sound speed) and the wind vector v component in direction r´ of 
the sound propagation (cf. MUNK et al., 1995). Because of this connection between acoustic 
and meteorological quantities it is possible to derive, e.g., the air temperature by means of 
acoustic travel-time tomography. 
In comparison to previous studies of horizontal-slice tomography by SPIESBERGER AND FRIS-
TRUP (1990), as well as WILSON AND THOMSON (1994), a different tomographic algorithm 
will be applied here to detect absolute values of meteorological quantities without additional 
information (see ZIEMANN et al., 1999b; ZIEMANN, 2000). Here, for the first time, the acoustic 
tomography will be used to provide volume-averaged data inside a small layer. 
 
3. Experimental Realisation 
3.1 Site and design of the experiment 
A field experiment was carried out at the test site of the Institute for Tropospheric Research 
(IfT, Leipzig) near Melpitz (SE - Germany) in September 2000. This test site is located at a 
   
  
 
spaciously meadow which is crossed with several ditches. The experiment was realised di-
rectly after the last grass mowing.    
Six sources and nine receivers were positioned at the borders of an array with horizontal di-
mensions of 200 × 240 m2. Figure 1 illustrates the layout of the tomographic array. The 
sources (compression drivers, example in fig. 2, right), were mounted on tripods at a height of 
2 m. The receivers (fig. 2, left) were positioned at different heights: five microphones at a 
height of 2 m and four microphones at a mast at 12 m above the ground. 
In order to compare the acoustically derived data with conventional in-situ measurements in-
side the array, four combined temperature/humidity sensors (at 2 m above ground) and a 12 m 
wind- and temperature mast were used. The temperature/humidity sensors (pt 100) are identi-




Fig. 1: Layout of the tomographic array with an horizontal extension of 200 × 240 m2. The sources are 
labelled S1 to S6, the receivers R1 to R6. T1 to T4 are the coupled temperature/humidity sensors and 
M is the 12 m profile mast. The lines represent the source-receiver connections inside the array and 
along the borders, whereby the dotted lines contact the microphones at 12 m height. 
For the tomographic monitoring several sound sources and receivers were positioned at the 
border or inside the investigation area. The positions of the sources and receivers have to be 
located with a high degree of accuracy. For this purpose, trigonometric measurements (Infra-
red – theodolite) with an accuracy of 0.5 cm were used. However, due to the extension of the 
loudspeaker and microphone the positions of the devices can be determined with an accuracy 
of several centimetres. The positions of the acoustic devices were set in such a way, that the 
covering of the investigation area with sound paths is optimised and an overlap of signals, as 
a result of equidistant distributed sound sources, at one microphone can be precluded.  
   
  
 
All sources simultaneously transmit a short burst with an individual signature which can be 
designed separately for the identification of each transmitter. Concurrently the assignment of 
each signal to the corresponding source is possible due to the tomographic array layout where 
each ray has a significantly different path length. 
The travel time of each signal was calculated by a special correlation algorithm between the 
received and the transmitted signal. Each correlation maximum is associated with a separate 
ray path and corresponds directly to the travel time (ARNOLD, 2000). 




3.2 Cycle of travel-time data analysis  
 
3.2.1 Direct derivation of temperature and wind data 
If air is treated as an ideal gas under adiabatic conditions, the Laplace equation of sound speed 
can be used: 
avaaL TR=c γ ,          (3) 
where γa is the ratio of specific heats for dry air at constant pressure and at constant volume, 
respectively, Ra is the gas constant of dry air and Tav is the acoustic virtual temperature. The 
acoustic virtual temperature is defined as the temperature at which cL in dry air has the same 
value as in moist air at the air temperature T (Ostashev, 1997). We point out that Tav differs 
somewhat from the virtual temperature Tv used by meteorologists. This difference amounts to 
about 0.1 K for typical values of the specific humidity in middle-latitudes. The difference be-
tween the air temperature T and virtual temperatures Tv is due to the different specific heats of 
water and dry air.  
In addition to spatial and temporal alterations of cL as a result of changes of air temperature, 
the influence due to the vectorial wind field appends to the sound velocity and leads to the 
Fig. 2: The receiver set: a microphone with a windscreen on a 
mast at 12 m (left) or on a tripod at 2 m (right) above the 
ground. 
The sound source: a loud-
speaker on a tripod at 2 m 
above the ground. 
   
  
 
(horizontal) effective sound speed (see Eq. 2). So, the measured sound speed depends on the 
air temperature, the humidity and the wind vector. 
Equation 2 points out that the coupled influence of the air temperature, humidity and the wind 
vector on the effective sound speed is the most important difficulty during the data analysis . 
To separate these influences, the humidity was initially assumed as horizontally uniform and 
determined by additional measurements with standard sensors at a height of 2 m. To distin-
guish between the temperature and wind influence, several methods are applicable, for in-
stance the use of reciprocal sound propagation (analogous to a sonic anemometer) or the nu-
merical solution of an equation’s system (Ziemann et al. 1999b, Arnold et al., 2000). 
In this study, an iteration algorithm for the separation of the influence of the temperature and 
the wind field on the sound speed was used, where either the wind speed and direction or the 
temperature were changed until the mean value deviation of the Laplace sound speed reaches 
a minimum: 




          (4) 
where cL is the sound speed recalculated from the travel time along one path, Lc is the mean 
sound speed over all sound paths, and n is the number of the considered sound paths. The se-
lection of these parameters for the iteration cycle depends on the actual meteorological condi-
tions as well as on the features of the measuring side. As a result, one parameter for each 
sound path could be estimated separately (e.g., temperature) and the other parameters for the 
different parts or the whole array (e.g., wind vector). 
 
3.2.2 Tomographical calculation of temperature data 
The analysis described above leads to travel-time data depending only on the air temperature 
or wind field. The temperature depending data are used as input for the tomographic inverse 
algorithm to derive spatially (area or volume) averaged temperature data. 
This procedure describes the opposite situation in comparison to the traditional forward prob-
lem (e.g. calculation of the travel time using a measured sound speed corresponding to Eq. 1) 
Thereby, outgoing from values of measured quantities (travel time), one can use mathematical 
inverting techniques to derive an estimation of the values of system parameters (sound speed) 
that explain or reproduce the experimental observations. 
A difficulty in the numerical application of the tomographic method is the dependence of the 
ray path itself on the unknown distribution of the effective sound speed and therefore the line 
integral (Eq. 1) becomes non-linear in this quantity. Straight lines connecting the sound 
source and the receiver are used to approximate the true ray path to avoid this difficulty. 
The measurements of travel time are always discrete and finite in number. In the usually ap-
plied discrete-data/discrete-solution approach, the medium is divided into grid cells and the 
aim of the inversion is to estimate the associated parameter values (sound speed and thus tem-
perature) inside the grid cells (cf. MUNK et al. 1995, WILSON AND THOMSON 1994). After this 
discretization the resulting system of equations can be worked out. 
   
  
 
There are possible inverse algorithms to solve the linear equation system, for instance itera-
tive algebraic reconstruction techniques. A survey to the features of different inverse methods 
for acoustic tomography was presented by ZIEMANN et al. (1999a). 
In particular, the Simultaneous Iterative Reconstruction Technique (SIRT) is characterised by 
stable convergence during the application on data sets with measuring errors, by non-
significant developments of artefacts as well as simple handling during online evaluation. A 
comprehensive survey of the mathematical background of SIRT and other iterative algebraic 
reconstruction techniques is given by VAN DER SLUIS and VAN DER VORST (1987). 
All iterative reconstruction algorithms follow a similar scheme. An initial guess of the slow-
ness values in the grid cells is derived from a simple back projection of the measured travel-
time data into grid cells using the inverse of the Eq. 1. By means of the so estimated recipro-
cal sound speed per grid cell one can apply forward modelling (Eq.1) to get a modelled travel 
time. Now the difference between the experimentally obtained and the simulated travel-time 
values is calculated. After back projection of this difference, and adding a resulting correction 
term to the present model, an updated version of the simulated travel time follows. The itera-
tive improvement of the modelled data is continued until a convergence criterion is reached. 
The process leads to spatially averaged values of the analysed meteorological parameter. 
3.3 Accuracy of the method 
The accuracy of the achieved data depends on several factors:  the accuracy of travel time and 
the sound path length determination, the signal processing, the separation technique, the ex-
amined meteorological quantity, the environmental conditions as well as on the quality of the 
tomographic reconstruction (ARNOLD, 2000; ZIEMANN et al., 1999b). 
The measuring accuracy itself depends on the travel time determination as well as on the as-
certainment of the ray path length between sources and receivers. The actual travel time accu-
racy amounts to about ± 0.3 milliseconds and a sound path determination with an accuracy of 
± 10 cm. The used ray-path approximation effects both the direct travel-time analysis and the 
tomographic data reconstruction. For an error estimation regarding the straight-ray-path ap-
proximation the meteorological conditions were considered using the vertical sound speed 
gradient. With increasing sound speed gradient (depending on the vertical temperature and 
wind profile), the ray paths are more strongly curved and the deviation from the linear path 
increases likewise (ARNOLD, 2000). The error made by this approximation was also quantita-
tively estimated using a sound-ray model including a generalized equation of refraction (cf. 
ZIEMANN et al., 2001). In summary, the straight-line approximation can be applied if we use 
path lengths of sound rays not more than some hundred meters over a relatively homogeneous 
surface, and if moderate vertical temperature and wind gradients are present. 
The coupled influence of the measuring inaccuracy contains the sound path length and the 
travel time determination, which particularly impinge on short sound paths. To minimise 
these ascendancies, a source receiver distance of more than 150 m is necessary (ARNOLD, 
2000). Thereby, an accuracy of the air temperature of ± 0.5 K and for the wind speed of ± 0.5 
ms-1 is reachable. 
The attainable accuracy of the tomographic monitoring depends on the particular separation 
technique. If the iterative procedure proposed here for the separation of the different influ-
ences on the sound speed is used, the indefiniteness of the splitting is not absolutely quantifi-
   
  
 
able. A distinct improvement and a quantification of the uncertainty of the separation would 
be possible if the reciprocal sound propagation between pairs of sources and receivers are 
used (ARNOLD, 2000). 
Furthermore, the quality of the tomographic reconstruction has to be checked for the special 
tomographic array (cf. ZIEMANN et al., 2001). To summarize, the SIRT algorithm allows the 
derivation of absolute temperature values without additional information or measurements of 
the initial values of the investigated meteorological quantity. Thereby, the error made by the 
tomographic reconstruction algorithm lies below the error caused by the travel-time and ray-
path determination. 
 
4. Results  
4. 1 Comparison with conventionally measurements 
After separating the two prime effects on the effective sound speed, the temperature and wind 
speed can be calculated for each transmission path (see section 3.2.1). Then, the acoustically 
calculated data were compared with the conventionally obtained meteorological measure-
ments, which were carried out inside the tomographic array. As a result, spatially averaged 
data were compared with different point measurements.  
For the air temperature determination, based on the measured travel time and recalculated 
sound speed, additional information about the specific humidity was used under the assump-
tion that these measurements are representative for the whole array. This approximation is 
possible because measurements (T1 …T4) point out that the humidity modifications inside 
the area under investigation were very small. 
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Fig. 3: Comparison between the conventional temperature (profile mast and pt 100) measurements and 
the acoustically derived temperature (arithmetic mean over all sound paths) on the 19 September 2000. 
The values were taken at the height of about 2 m (left side) and at the layer between 2 and 12 m.  
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Fig. 4: Comparison between the conventional wind speed (cup anemometer at the profile mast) meas-
urements and the acoustically derived values (arithmetic mean over the whole array) on the 19 Sep-
tember 2000. The values were taken at the height of about 2 m (left side) and at the layer between 2 
and 12 m.  
Figure 3 and 4 show the comparison between the acoustically derived (travel-time measure-
ments) meteorological parameters (temperature and wind speed) with the conventionally 
cross-validation measurements (profile mast and pt 100 sensors). This comparison was carried 
out for one sunny day (19/09/2000) with moderate wind speed under nearly horizontal homo-
geneous conditions regarding the surface. On this day, the effect of short-wave solar radiation 
on the measured temperature was especially evident. For the comparison all available date 
without temporal averaging were used (one value each 30 seconds). 
The sound speed data were averaged over the 30 sound paths at 2 m height and the 24 paths 
between 2 m and 12 m above the ground. Due to the spatial extent, the acoustic data are rep-
resentative of a 200 × 240 m2 area, whereas the temperature sensors and the profile mast rep-
resent point measurements. 
In Figure 3 the temperature values between the different systems at various heights were 
compared. The left side of figure 3 shows the temperatures at the height of about 2 m and on 
the right side the height range between 2 m and 12 m was considered.  
These plots demonstrate a rough agreement of the temperatures for the different cross-
validation measurements. However, remarkable differences (more than 1 K) between the 
travel-time temperature estimations, the pt-100-sensors, as well as the profile mast are visible. 
This overestimation by the pt 100 sensors is visible over the whole temperature range between 
5°C and 16°C. This result is primarily caused, in spite of a ventilated shelter, by the influence 
of short-wave insolation, which is especially remarkable at the pt-100 sensors. A secondary 
heat source is the ventilator motor by itself (SCHEINBEIN & ARNOLD, 2001). For the wind 
speed (Figure 4) at the height of 2 m (left side) and from 2 m to 12 m (right side) a high anal-
ogy at the regarded range is noticeable. However, a large fluctuation margin is observable. 
The temporarily observed deviations between the point measurements (cup anemometer) and 
the travel time observations are probably due to the influence of different wind speed and di-
rections inside the array. One other reason for the insufficient specificity is the separation 
technique used by acoustic tomography, where a horizontally homogeneous wind field was 
assumed. 
   
  
 
In figure 5 the daily course of differences of the temperature, measured by the different sys-
tems, is shown for the selected day in September 2000. By using the humidity information the 
travel time data were again converted to sound speed and subsequently to the air temperature.  
This comparison demonstrates the influence of short-wave radiation heating on the tempera-
ture measurements (profile mast and pt 100). During the day, remarkable differences between 
the travel time measurements and the temperature sensors appears. With increasing tempera-
ture – due to the increase of the solar radiation – the differences between the various measur-
ing systems increase. The averaged temperature sensor value (T1 - T4) is particularly overes-
timated due to the influence of the direct radiation and the inertia of the sensor. Here, the spe-
cifically manufactured shelter is – in spite of ventilation – insufficient for an uninfluenced 
temperature measurement.  























 profile mast  - travel time
 pt 100           - travel time
 
Fig. 5: Differences of the air temperature between the varying systems:  1) profile mast vs. travel time 
(arithmetic mean value over 30 sound paths) and 2) temperature sensors (arithmetic mean value over 
four pt 100 sensors) vs. travel time. All values (on the 19. September 2000) were measured at 2 m 
height and averaged over 10 min. 
4.2 Spatial temperature distribution 
The data set of the temperature-depending travel times is the starting point for the tomo-
graphic inversion algorithm (see section 3.2.2). This algorithm (SIRT) creates a distribution 
of air temperatures within the tomographic array. If the sound sources and the receivers are at 
the same height above the ground, a horizontal slice through the temperature field follows (2-
D version). If however a remarkable height difference between transmitters and microphones 
exist, then temperature data are representative for an air volume (3-D version). 
For both versions, 2-D (30 sound paths) and 3-D (30+24=54 sound paths), the experimental 
area (200×240 m2) was subdivided into squared grid cells of 60×60 m2. Therewith, 20 (hori-
zontal) grid cells with (3-D) or without (2-D) a designated vertical thickness result. 
   
  
 
Using the results of the tomographic reconstruction one can describe the (horizontal) variabil-
ity of the temperature. This variability and the cooling of the air during the night and morning 
hours is illustrated in figure 6. Small spatial temperature differences around ±0.5 K are identi-
fiable. This result demonstrates the horizontal homogeneity of the temperature field, an im-
portant presupposition for the applicability of known turbulence theories to investigate the en-
ergy balance of the surface. 























local time  
Fig. 6: Tomographically derived air temperature (spatial mean over 20 grid cells, maximum and 
minimum of the grid cells) adjacently averaged over 10 min on the 19 September 2000. The 2-D 
travel-time data resulting in a horizontal slice at a height of about 2 m were used. 
The travel-time measurement by transmitters and receivers at different heights allows the cal-
culation of vertical temperature gradients, if one assumes a horizontally homogeneous tem-
perature field. For this purpose the results of the 3-D and of the 2-D tomography were simul-
taneously used. The mean height of the 3-D layer amounts to 4.1 m (arithmetic mean of all 
grid cell levels) , the height of the 2-D slice is 1.9 m (loudspeaker and microphone level). The 
vertical gradient was calculated using the spatially, over all grid cells, averaged temperature 
values for the 3-D and the 2-D version, respectively. These results were compared with point 
measurements at a meteorological mast (fig. 7). 
The qualitatively agreement between the vertical temperature gradients is remarkable. Espe-
cially the temperature gradient measured at slightly greater heights at the mast agrees with the 
tomographic results. This behaviour could be caused by the filter effect for a great variability 
due to spatial averaging of the tomographic results. 
As expected, a temperature inversion occurs during the night. Around the sun rise, the tem-
perature gradient tends to zero and changes to negative values corresponding to the heating 
period in the morning hours. 
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 Met. mast 3,6 m-1,4 m


















local time  
Fig. 7: Vertical temperature gradient measured by tomography (3-D version – 2-D version) and by 
conventional thermocouples at a meteorological mast, both adjacently averaged over 10 min, on the 19 
September 2000. 
 
5.  Conclusions 
This comparison demonstrates the applicability and the advantages of the tomographic moni-
toring of near-surface temperature fields as well as wind fields at different height levels close 
the ground. Temporal and spatial variances in the wind and temperature field are clearly veri-
fiable. The accuracy of this ground based remote sensing system is sufficient to estimate me-
teorological parameters with adequate accuracy.  
One problem is the separation of the various effects on the effective sound speed. Here the 
humidity is assumed to be horizontally homogeneous and the temperature and wind influence 
was separated by an iteration technique. Thereby for each propagation path one value of the 
temperature and for the whole tomographic array the wind velocity and its direction can be 
calculated.  
Besides the presently applied iteration method for the separation of the wind and temperature 
influence, reciprocal transmission paths should be used for this separation in the future. With 
an arrangement similar to an ultra sonic anemometer (combined transmitter-receiver at all po-
sitions), for each path the wind component and the sound speed are independently determin-
able. 
In general, the remote sensing and the in-situ measurements quantify nearly the same tem-
perature at the analogous level. However, during the heating period the temperature was 
strongly overestimated by the profile mast. During the highest solar radiation the temperature 
measurements carried out by the mast system are up to 1 K higher as the acoustic tomo-
graphic measurements. The reasons for the discrepancy are many.: (1) the radiation warming 
   
  
 
of the shelter, (2) the heat storage inside the shelter, and (3) the release of heat by the ventila-
tion motor. Corresponding investigations were carried out by SCHIENBEIN & ARNOLD, 2001 
for the pt 100 sensors (T1…T4). This fact is especially remarkable, because all standard tem-
perature measurements were carried out inside similar ventilated sensor shelters. 
The tomographic monitoring is applicable, e.g., for the validation of large eddy simulations 
(WEINBRECHT & RAASCH, 2001). Other uses are the determination of horizontal gradients of 
meteorological quantities or the detection of turbulent structures inside a convective boundary 
layer (RAABE et al., 2001b). 
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